The misalignment in the orbital angular momentum-(OAM-) based system would distort the radiation patterns of twisted beams carrying OAM, consequently making the OAM-based communication infeasible. To tackle the misalignment problem, a radio OAM steering technique based on a uniform circular array (UCA) is illustrated. Subsequently, simulations are conducted to explore the influence of the OAM steering on the OAM mode quality and transmission performance. Furthermore, UCAs working at Kaband with formulated feeding networks are designed and fabricated to analyze the performance of the OAM steering. The influences of OAM steering on mode quality and orthogonality are then evaluated in the experiment. Overall, the analyses of OAM steering technique are beneficial for the development of radio OAM study.
Introduction
The electromagnetic field carrying the spin angular momentum (SAM) known as the polarization had been widely studied in the past, while the other intrinsic physical property of the electromagnetic field, that is, orbital angular momentum, was not discovered until it was reported in Allen group's research [1] in 1992. OAM in the optical regime for application of imaging, microscopic particle, and communication [2, 3] had been then highly developed. However, investigations about the radio OAM had not been made until Bo Thide's group conducted the radio OAM experiment in [4] , which elaborated another perspective of multiplexing, that is, OAM multiplexing for the present communication. In contrast to the planar wave, twisted beam with OAM mode has a helical wave front known as vortex. Benefiting from its peculiar properties such as the orthogonality of integer topological modes, large degrees of freedom, and rich phase information, OAM-based communication and radar techniques attract increasing attention.
To date, researches about radio OAM mainly lie on the twisted wave antenna design and OAM multiplexing.
Uniform circular array (UCA) with each element fed with the same amplitude but successive phase shift was raised in [5] to produce the twisted wavefront. Based on UCA, several types of antenna array were designed and tested in [6, 7] . Spiral phase plate (SPP) [8] , by adjusting the length of the plate along the azimuthal direction, is another major approach to create OAM. Combining concepts of SPP and array, a plate was designed and tested in [9] to produce mixed twisted beams at 94 GHz. Later, a design of an offset-fed reflection SPP to generate high purity OAM was reported in [10] .
Meanwhile, OAM-based multiplexing has also attracted much attention. Experiment with two channels data modulated on two OAM modes was conducted in [11] . Subsequently, a 32-Gbit/s millimeter-wave link over 2.5 meters with OAM multiplexing at 28 GHz was illustrated in [12] . Based on traveling circular-wave antennas [13] , dual OAM modes multiplexing communication experiment at 60 GHz was conducted in [14] . However, several studies demonstrated controversial voice about the OAM multiplexing. It was illustrated in [15] that OAM can be derived from multiple input and multiple out (MIMO) theory, implying that OAM is a subtopic of the MIMO technique rather than a new regime and therefore cannot breakthrough the communication capacity. In addition, it was revealed in [16] that OAM multiplexing can only be applicable to short range distance communication due to the beam divergence.
Regarding the controversy, it should be noted that OAM and MIMO have intersection when using UCA to produce OAM; however, they are absolutely two different domains. For instance, in OAM domain a higher OAM mode ( > 0) can be generated by a single antenna element, whereas in MIMO domain it requests more than 2 antenna elements. It is admitted that OAM-based communication can not breakthrough the communication capacity, whereas, unlike MIMO-based system, OAM-based system does not require any complex signal processing [17] and channel information, which would be of significance for the low-complexity and high-speed communication at short range.
The application of radio OAM in radar regime [18, 19] also becomes a hot topic. Target detection model based on OAM was proposed in [20] , which employed a UCA to produce twisted beams to illuminate objects in the far field, providing a new perspective to estimate azimuth information of targets without any relative moves or beams scanning required by traditional radars. To further increase resolution of the OAM-based radar technique, multiple signal classification (MUSIC) algorithm was introduced in our recent studies [21, 22] , showing great resolution improvement and robustness enhancement.
The OAM-based communication system can be used in application where large amount data need to be exchanged such as the wireless server exchange center. However, this point-to-point system requires that the apertures of transmitter and receiver are strictly aligned to each other, as the red dash line shown in Figure 1 . The experiment in [7] reported that the OAM-communication system was sensitive to the misalignment problem, which would degrade the capacity and needs to be solved. However, it challenges a lot for mounting or alignment where antennas of both sides are biased in a certain direction and the mechanical alignment is not easily available, such as the setup of antennas in roof of building or large size antenna mounting. Previous study [23] about twisted beams steering was based on a reflection phase modulated metasurface, which was utilized for simultaneously producing multiple OAM modes at 5.8 GHz. However, it does not refer to the solution of misalignment problem for OAM-based system. In addition, the horn antenna in the center would block part of reflected wave and cause scattering, therefore, affecting the quality of OAM mode. To avoid the blocking effects, this study proposes a UCA to realize the OAM steering technique, in order to solve the misalignment problem of OAM-based system. The aim of this study is to evaluate the misalignment problem and to analyze the performance of radio OAM steering technique. Our design is based on 8-element UCA with formulated feeding network to steer the twisted wave in an expected direction, which will enable the oblique transceiver sides to communicate with twisted beams as the green dash line shown in Figure 1 . Given that radio OAM in millimeter wave or submillimeter wave can be beneficial for the fifth generation (5G) short range communication and the Ka-band has been selected as one of the future 5G spectrum candidate, the antenna and experiment are designed at 28 GHz. Overall, the main contributions of this paper include 
Principle of Radio Orbital Angular Momentum Steering
Before introducing the OAM steering, let us first review the traditional beamforming. By feeding the UCA in Figure 2 with the steering weight
the main beam of UCA can be steered in the expected direction ( 0 , 0 ), where ⃗ is the position vector of th element of UCA, 0 and 0 are the elevation and azimuth angle respectively, ⃗ 0 = [sin 0 cos 0 , sin 0 sin 0 , cos 0 ] is the unit propagation vector, and is the wavelength. The radiation pattern of the UCA array fed with (1) can be conceived as the radiation pattern of an equivalent UCA as shown in Figure 2 with uniform feeding. --refers to the coordinate of the UCA, while 1 -1 -1 is the coordinate of the equivalent UCA. Under --coordinate, 1 -axis points to ( 0 , 0 ).
It was proved in [5] that twisted beams can be generated by a UCA. Suppose that a UCA consists of elements, with each element fed with the same amplitude but a successive phase difference Δ = 2 / between each other, where is OAM mode. Therefore, the weight of array to produce twisted beams with OAM mode can be expressed as follows:
By combining W and W , the twisted beam can be steered in a specific direction using a UCA, with W responsible for the beam steering and W in charge of generation of OAM mode . Therefore, the total weight W with the formulation
can be employed to generate mode twisted beam in the steering direction ( 0 , 0 ), where ⊗ denotes the dot-product. By feeding the UCA in Figure 2 with weight W, it can be approximately regarded as the equivalent UCA fed with W . As the size of equivalent UCA becomes smaller, the beam width of the doughnut shape produced by radio OAM steering would be wider than that of normal way to generate OAM.
Simulation Analyses of Radio Orbital Angular Momentum Steering
Based on the formulated feeding network in the Section 2, simulations are conducted in this section to investigate how the steering azimuth angle and elevation angle affect different OAM modes. Suppose that a UCA working at 28 GHz has = 8 elements, with a radius of 20 mm. Perpendicular to the steering direction, the observed area is = 0.5 m far from the UCA, with a size 0.8 m × 0.8 m.
To further analyze the distortion, OAM mode decomposition [24] is utilized to calculate OAM spectrum of each mode. Here we extend the decomposition to the whole observed area as follows:
whereΦ 0 , is the OAM spectrum of mode at radical distance 0 and Φ( 0 , ) is observed phase distribution along . Integral is normally conducted in the doughnut shape circle, which is of most concern, but here all areas are involved. Through this extended OAM decomposition method, it is easy to gain the 2D OAM spectrum.
Influence of Steering Elevation Angle on OAM Mode.
To evaluate the influence of the steering elevation angles on OAM mode, three twisted beams carrying OAM mode 2 are steered in three directions, with 0 = 0 ∘ , 30 ∘ , 60 ∘ and all the azimuth angles 0 = 60 ∘ . For 0 = 0 ∘ , it means that the OAM mode is generated in the normal way without using the OAM steering technique. The radiation patterns for three steering angles are given in Figure 3 . For the normal way to generate OAM, the helical phase profile and doughnut shape intensity pattern can be clearly observed in Figure 3(g), pure OAM mode 2 can be seen within the main beam, that is, the first doughnut shape, beyond which the other OAM mode −6 is induced, therefore contaminating the purity of OAM mode. This contamination is because of the nonorthogonality between mode −2 and −2 + 8 for UCA with small . With respect to the steering angle ( 0 , 0 ) = (30 ∘ , 60 ∘ ), the OAM spectrum in Figure 3 (h) shows that the OAM mode 2 degrades to 0 in the central area ( 0 < 0.02 m), consistent with the phase profile in Figure 3(b) , and mode 4 is induced within the main beam 0 < 0.2m although mode 2 still plays the dominant role, beyond which mode 2 is severely contaminated. Moreover, the doughnut shape intensity pattern in Figure 3 (e) is a little bit distorted. More severe degradation and contamination within the main beam can be observed when the steering angle is (60 ∘ , 60 ∘ ), and the doughnut shape intensity pattern degrades to an open "U" shape. Comparing the results of three different steering elevation angles, it can be found that the larger the steering elevation angle, the more severe the degradation and contamination problem the radio OAM steering technique suffers from.
Influence of Steering Azimuth Angle on OAM Mode.
Keeping the elevation angle as a constant and changing azimuth angle, the simulation of radio OAM steering with mode 2 at (30 ∘ , 30 ∘ ) is conducted as a comparison with OAM steering at (30 ∘ , 60 ∘ ). The helical phase profile, doughnut shape, and the OAM spectrum in Figure 4 show almost the same performance as that in Figures 3(b) , 3(e), and 3(h), implying that the steering azimuth angle does not affect the OAM mode quality for radio OAM steering technique. Therefore, in practical application, what we concern most should be the influence of the elevation angle rather than the azimuth angle. 
Influence of Radio OAM Steering
Technique on Different OAM Modes. As analyzed in previous two subsections, the OAM mode quality is affected by the OAM steering elevation angle. The influence of radio OAM steering technique on different OAM modes is explored in this subsection. By configuring the simulation with the same steering angle (60 ∘ , 60 ∘ ) as that in Figure 3 , mode 1 is chosen as comparison with mode 2. From Figure 5 , it can be seen that both the helical phase profile and intensity pattern in Figures 5(a) and 5(b) are distorted, and the OAM spectrum in Figure 5 (c) presents degradation and contamination problems similar to that in Figure 3 . In comparison with Figures 3(c), 3(f) , and 3(i) and Figure 5 , the intensity pattern shape of mode 1 does not degrade to an open "U" shape and smaller central area is affected by the degradation problem, meanwhile the contamination influence is much less than that of mode 2. It can be found that the higher OAM mode suffers from the more severe degradation and contamination problem when using the radio OAM steering technique.
Influence of Radio OAM Steering Technique on OAMBased Communication.
To some extent, OAM steering technique causes distortion for different OAM modes. To evaluate the influence of mode distortion on communication transmission, simulations of total bit error rates (BERs) of all modes by using the nonsteering OAM wave and the steering OAM wave are conducted in this subsection. An 8-element UCA with a radius of 2 is used as the transmitter, while the receiver UCA usually has a larger aperture to ensure good communication. Here the radius of receiver is 5 , and the receiver is located one Rayleigh distance from the transmitter. The transmitter and receiver are aligned at steering directions. 7 different channel signals are modulated on 7 OAM modes using the amplitude-shift keying (ASK) modulation. Each channel consists of 10 7 bits data. The receiver demodulates the incoming signals to 7 channels using the OAM demultiplexing method. The data of each channel is then obtained. In comparison with the original transmitted code, the total BER of 7 channels by OAM steering technique at different elevation angles can be achieved, which are shown in Figure 6 . It can be seen that OAM-based communication needs high signal to noise (SNR) level to ensure low BER. To achieve 10 −4 BER, SNR should be at least 32 dB for normal OAM-based communication. Under the same SNR level, OAM steering with larger elevation angles leads to higher communication BER, due to the more severe distortion of OAM modes. To achieve the same BER level (10 −4 ) as the normal OAM-based communication, OAM steering with elevation angle 30 ∘ requires SNR around 39 dB, 7 dB higher than that of normal OAM-based communication.
Antenna Design for Radio OAM Steering
The analyses of the radio OAM steering technique in Section 3 show good qualities of OAM modes 1 and 2 for elevation angles no larger than 30 ∘ , which is of significance 6
International Journal of Antennas and Propagation for misalignment OAM-based system. Prior to use of OAM steering technique, the misalignment information should be known in advance, which can be realized through reconfigurable phased antenna array. The reconfigurable feeding network can not only obtain the misaligned direction of the transmitter and receiver but also provide a dynamic control of the OAM steering. The misalignment information should be transmitted to each other in a traditional communication way before the OAM-based communication commences. For simplicity, we use the microstripe lines as the feeding network to verify the OAM steering technique. A UCA working at Kaband (28 GHz) with -polarization is designed as shown in Figure 7 . The layout of this UCA contains two major parts, namely, 8 patch antenna units and the microstrip line feeding network. Having low electronic loss in high frequency band, Rogers 5880 PCB is chosen as the substrate, with dielectric constant = 2.2 and thickness ℎ = 0.508 mm. The 3.4 mm × 3.4 mm patch unit is optimized to have the resonant frequency of 28 GHz. To reduce the power differences of those 8 patch antennas, Wilkinson power divider in the dashed square is implemented among every two adjacent units. With compact space, T-junctions in the dashed circles rather than the Wilkinson power dividers are employed to connect each part. The phase of each unit is controlled by adjusting the length of feeding line to the patch, that is, ( ∈ [1, 8] ), which can be calculated according to the formulation of the feeding weights in (3). The radius of the array is 20 mm. Two UCAs with the proposed feeding weights are designed to generate OAM modes 1 and 2 in the same steering direction (30 ∘ , 60 ∘ ). The two UCAs are denoted by OAM1 1 and OAM2 1, respectively. As comparison, UCAs denoted by OAM1 and OAM2 are also designed to produce OAM modes 1 and 2 in the normal direction. By comparing the performance of these four UCAs, the influence of radio OAM steering on OAM mode can be verified. The line lengths to 8 patch units in the four UCAs are optimized to obtain the feeding weight as required in (3) . Given that the polarization of patches 1, 2, 7, and 8 is opposite with patches 3, 4, 5, and 6, a 180 ∘ phase compensation should be considered in the design of feeding network. Table 1 shows the designed phase and amplitude for each patch, which are optimized at 28 GHz. The denotations − and + in the phase column refer to the difference between the theoretical and the optimized feeding, from which it can be observed that the phase differences are within 1 ∘ . The ideal amplitude for each patch passing through 3 power dividers should be −9 dB. Compared to the theoretical result, less than 1.5 dB insert losses are observed. And each array exhibits good amplitude consistence for patches, with less than 0.6 dB power difference. The wellmatched amplitude and phase ensure the performance of twisted beam generation and steering.
The radiation patterns of antennas OAM1 1 and OAM2 1 with the optimized feeding are simulated by CST and depicted in Figure 8 . From the dashed lines we can observe that both twisted beams point to the steering direction as predicted. Specifically, the radiation pattern of OAM mode 1 in Figure 8 (a) preservers a typical doughnut shape of twisted beam, while the pattern of OAM mode 2 exhibits a "U" shape in the steering direction in Figure 8(b) . It is noted that in Section 3 the intensity shape degradation does not appear for elevation angle 30 ∘ . However, those simulations are based on the ideal radiation pattern. In practical design, the feeding transmission line network and the connector also affect the radiation pattern, therefore causing the degradation to open "U" shape for elevation angle 30 ∘ . As shown in Figure 9 , the fabricated antennas have compact sizes. The flexible 2.92 mm end-launch connector is implemented in the design, which does not need soldering processing and can be easily installed and disassembled. 11 for all antennas are measured and drawn in Figure 10 , presenting low reflection with less than −10 dB from 27 GHz to 30 GHz. Particularly, 11 at 28 GHz are below −15 dB, showing good impedance matching of the arrays.
Experimental Performance Analyses of the Radio OAM Steering Technique
In this section, the distortion of OAM-based misaligned system is first experimentally evaluated. Subsequent experimental analyses of radio OAM steering technique to solve the misalignment problem are conducted.
Measurement Scenario and Setup.
The transmitter antenna needs to be rotated first to construct the accurate misalignment condition. To realize it, a camera rotation platform with 2D rotation function is employed in the following experiment, which can simultaneously adjust the elevation and azimuth angles as shown in Figure 11 (a). The installation of the antenna in the platform is illustrated in Figure 11 (b). The plastic spacers are used to keep a distance between the antenna and the platform to avoid the scattering from the part of metal in the platform.
To evaluate the distortion of misaligned system and the twisted wave steering performance, three different setups for the transmitter and the receiver are made as shown in Figure 12 . Aligned system in the first setup in Figure 12 (a) is used to measure the radiation pattern and phase profile of antennas OAM1 and OAM2 to generate OAM modes 1 and 2, whereas for the second setup, the same antennas are tested but in a misaligned configuration. To observe the distortion of misalignment, the antennas OAM1 and OAM2 are rotated (30 ∘ , 60 ∘ ) as shown in Figure 12(b) . By comparing results of these two setups, the distortion of the misaligned OAMbased system can be directly obtained. In the third setup, two OAM steering antennas OAM1 1 and OAM2 1 are employed in the misaligned system to steer the twisted beams to solve the misalignment problem. The setup of the experiment is shown in Figure 13 (a), where a 2D scanner from Near Field Systems Inc. (NSI), = 0.5 m far from the transmitter antennas, is employed to measure the intensity and phase profile. The receiver, using a probe either with horizontal or vertical polarization, and the transmitter are connected through a PNA-X network. With the control of the NSI scanner software, the radiation pattern of the measuring area can be obtained. Figure 13(b) is the picture of the setup of experiment. To mitigate the influence caused by the mismatch of the polarization, horizontal polarization probe, matching better than vertical polarization, is chosen to measure the field. No helical phase profiles or doughnut shape patterns can be observed in the misaligned setup, showing the severe distortions of OAM modes. Obviously, the distorted OAM modes make the misaligned OAM-based system infeasible in practical application.
OAM Mode Distortion of

Performance Analyses of Radio OAM Steering Technique.
Under misaligned setup, to retain good-quality twisted beams for receivers, antennas OAM1 1 and OAM1 2 generating OAM modes 1 and 2 in the steering direction perpendicular to the receiver are employed in the third setup experiment as shown in Figure 12 (c). Excellent helical phase profile and doughnut shape intensity of OAM mode 1 measured with the horizontal polarization probe can be seen from the radiation pattern in Figures 15(a) and 15(e) , while twisted wave with OAM mode 2 suffers from a minor distortion, with good helical wavefront but a "U" shape intensity pattern as shown in Figures 15(b) and 15(f) , in an agreement with the simulated radiation pattern in Section 4. It can be found that the influence on OAM mode 2 is larger than mode 1 when the radio OAM steering technique is employed, consistent with the simulation analyses in Section 3. No blocking effects can be observed for the proposed radio OAM steering technique. Overall, the results, exhibiting good performance of OAM modes in the steering direction, imply that the twisted beam steering technique is feasible to retain the radio vortex for misaligned system. The radiation pattern measured with the vertical polarization probe under third setup is shown in Figures 15(c mode 2 the properties of OAM can hardly be recognized. Obviously, the mismatch of polarization seriously affects the quality of twisted beams for the radio OAM steering technique. To realize the twisted beam steering technique, well-matched polarization between transmitter and receiver should be concerned.
Influence of OAM mode orthogonality after steering is also investigated in this subsection. Two UCAs are installed on the wooden board with a distance of = 0.9 m as shown in Figure 16 . For nonsteering OAM case, antennas are aligned in their normal directions, while for steering OAM waves, the normal directions of transmitter and receiver are misaligned and needs to be realigned using the OAM steering technique. Based on the fabricated antennas, the transmission coefficients of different OAM modes are conducted separately, namely, one mode by one mode rather than by multiplexing of all modes together. The transmission coefficients plotted in Figure 16 show that there is a 22 dB isolation of both modes at the central frequency (28 GHz) for nonsteering OAM waves, demonstrating good orthogonality. As for the OAM steering waves with elevation angle 30 ∘ , the transmissions coefficients present a 18 dB isolation for these two modes, also showing good orthogonal property. From the comparison, it can be concluded that the OAM steering technique with small elevation angle can preserve good orthogonality of OAM mode.
Conclusions
In this study, a radio OAM steering technique based on a UCA working at Ka-band was elaborated to help solve the misalignment for OAM-based system. The performance of the radio OAM steering technique was then conducted. Simulation results showed that the degradation and contamination problems of OAM mode would occur when the steering elevation angle is large. And the higher OAM mode suffers from more severe distortion problem, which increases the BER of communication to some extent. To experimentally analyze the performance of radio OAM steering, UCAs with formulated feeding network were designed. The measurement results exhibited the significant distortion of twisted beam when the configuration of the system was in a misaligned condition, compared to the aligned configuration. Experiments also showed that good quality of OAM modes can be regained in spite of minor distortions for misaligned system, verifying the feasibility of the proposed OAM steering technique. In addition, influence of radio OAM steering technique on OAM modes and transmission performance and the mismatched polarization problem were experimentally evaluated, in a good agreement with the simulation results. The design of the feeding network based on a UCA to realize twisted beams steering technique is beneficial for the misalignment solution of OAM-based system. 
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